Surface rolling experiments and surface durability tests were carried out using Cr Mo and Ni Mo pre-alloyed sintered steel spur pinion gears with different densities fabricated by powder metallurgy (P/M). The P/M gear specimens were machined from sintered packs made from the single-press single-sinter route and some were surface-rolled using a high-precision CNC formrolling machine of two roller-dies transverse-type. A fully densified surface layer less than 2% porosity was obtained on the tooth flank approximately 0.5 mm thick when P/M pinions with a density of 7.4 Mg/m 3 or more were surface-rolled using the amount of stock rolled at 0.15 mm. The load bearing capacity of P/M pinions were estimated by gear running tests using a power re-circulating type testing rig. A counter gear was made of standard grade Cr Mo wrought steel. All test gears were casecarburized under identical conditions and finished by grinding. The representative damages for every P/M pinion were pitting near the pitch point. The experimental results show that the load bearing capacity of surface-rolled pre-alloyed P/M gears with a density 7.40 Mg/m 3 or more completely matches that of a case-
Introduction
Powder metallurgy technologies are especially suitable for net-shape forming of complex-shaped parts such as gears. In addition, surface rolling technology allows for very cost-effective high-precision processing of P/M gears with full surface density to improve the load bearing capacity (Hayasaka et al., 1977; Roger, 2006; Kotthoff et al., 2006; Takemasu et al., 2009) . Recently, some high-strength sintered steels for auto-motive power train gears were developed by mixing completely pre-alloyed powders. Takemasu et al. (2010 Takemasu et al. ( , 2011 already demonstrated that case-carburized P/M gears with a density of more than 7.5 Mg/m 3 from these pre-alloyed sintered steels can achieve bending and surface fatigue strengths of 1.0 GPa and 2.0 GPa, respectively, which match with the values for case-carburized gears made of the typical Cr Mo wrought steel most commonly used for automotive transmission gears. However, some serious problems occur as the density of the preform gear increases: the short die life in the compaction process, the heterogeneous pore distribution in the gear teeth, the crack initiation at the tooth tip of surface-rolled gears, and so on. Thus, in the actual manufacturing process, we expect that the density of P/M gears after sintering may be restricted up to 7.40 Mg/m 3 due to the complexity of the transmission gear shape having a large helix angle and a high tooth depth.
In this study, surface rolling experiments were first carried out using several kinds of pre-alloyed sintered steel spur pinion gears (hereafter called pinions) having densities in the range of 7.30 Mg/m 3 to 7.55 Mg/m 3 , and the surface densification properties on the tooth flank layer were examined. Subsequently, the load bearing capacity of these P/M pinions was investigated through gear running tests. Failure modes and fatigue strengths were estimated. The purpose of this study was to examine the effect of surface rolling on the load bearing capacity of P/M gears with different densities and to determine the appropriate preform density for automotive power transmission gears. Table 1 shows the chemical composition and sintering conditions of the tested 1.5Cr 0.2Mo (hereafter called FL520X) and 0.5Ni 1.0Mo (hereafter called 46F4H) P/M materials, which were made from completely prealloyed sintering steel powder through the single-press single-sinter route. The carbon content of both materials was kept relatively low in order to control work hardening and improve surface densification in finish gear rolling. Although FL520X needed the high-temperature sintering, 46F4H was sintered at the normal temperature. 
Experimental method

P/M material
Gear specimens
The dimensions and process routes of the spur gear specimens used in the gear running tests are summarized in Table 2 . In this study, eight kinds of P/M pinions machined from sintered packs were prepared to examine the effect of preform density and surface rolling on the load bearing capacity. The reference pinions, denoted as PS, and the counter gears, denoted as GS, were made from SCM415 wrought steel. As-sintered P/M pinions, denoted as PHM, PHH, PKL, PKH, and wrought steel gears (PS, GS) were cut by a standard hob without surface rolling. Surface-rolled P/M pinions, denoted as PHMR, PHHR, PKLR, PKHR, were cut by a modified hob with a concave tooth profile to promote the surface densification around the pitch point, as shown in Fig. 1(a) , and rolled using the two roller-dies transverse form-rolling machine FA-20/CNC (Nissei Co. Ltd.), as shown in Fig. 1(b) . The rolling die was a spur gear with a standard involute tooth profile meeting an accuracy of DIN 4, which was designed to roll both the tooth flank and the root fillet near the critical stressed point simultaneously. During this process, the two dies were rotated synchronously, and only the right-side die was pushed radially into a P/M pinion until a pre-set distance between the right and left tool spindles was reached. The die rotation speed was 60 min -1 , the radial displacement speed of the die was 0.167 mm/rev, and the amount of radial displacement d 0 of the die was set to 1.0 mm to secure the amount of stock rolled normal to the tooth flank at 0.15 mm. Commercial press oil LF-7 (Idemitsu Kosan Co., Ltd.) was used as a lubricant. All pinions and gears used in the gear running tests were casecarburized under identical conditions and finished by grinding to have a maximum surface roughness of Rz < 2 m. 
Gear running test method
Gear running tests were conducted by using a power re-circulating type test rig, as shown in Fig. 2 . A 3.7 kW variable motor was used as the power source. The maximum re-circulating power was 10 kW. The rotation speed of the driving pinion was set to n = 1800 s -1 (the rotation speed of the driven gear = 900 s -1 ). The mineral lubricating oil RO150 (Nippon Oil Corporation), which has a kinetic viscosity of 150 mm 2 /s at 313 K and 14.6 /s at 373 K, was supplied at a rate of 0.4 L/min at 313K. The contact fatigue life was defined as the number of load cycles at which 2% of the tooth flank of the test pinion was pitted, and the surface fatigue strength was assessed at 1.5 × 10 7 cycles (Sonsino, 2007) . The surface contact stresses of gears at the pitch point were deduced from the Hertz stresses that originated from the contact pressure of the two contacting cylinders with the same curvature radius for the involute gear tooth. The maximum surface compressive stress H is given by 
where w is the load per unit length, R is the equivalent curvature radius of each cylinder, E is Young's modulus, and is Poisson's ratio.
Results and discussion
Surface rolling experiments
The entire tooth flank layer of every surface-rolled pinion was successfully densified from the tip to the root fillet by the simultaneous surface rolling process. Fig. 3 and Fig. 4 show metallographs of the pitch point and a comparison of porosity distributions on the tooth flank layer of the rolled pinions, respectively. The average pore sizes and the porosities of PHMR and PKLR are clearly larger than those of PHHR and PKHR. However, the densification level on the flank layer of PHMR with a density 7.4 Mg/mm 3 is very benign and is quite equivalent to that of PHHR with a density 7.55 Mg/mm 3 . Consequently the porosity in every flank layer of PHMR, PHHR and PKHR decreases to less than 2% from the surface down to a depth of approximately 0.5 mm. These densification properties would appear to be desirable for improving surface fatigue strength, because the maximum shear stress in a rolling-sliding contact typically acts beneath the surface at a depth of 0.1-0.2 mm (Takemasu et al., 2013) . Fig. 5 shows a comparison of the micro-hardness profiles in the tooth flank layer around the pitch point of the case-hardened rolled pinions. The micro-hardness profile of the case-hardened wrought steel pinion PS is also plotted with the black dashed-line for comparison. The Vickers hardness of the tooth flank surface of PHMR, PHHR, and PKHR with a density 7.4 Mg/m 3 or more was over 700, and the effective hardened depths (HV = 550) and the entire case-carburizing depths of those pinions were deeper than 0.5 mm and 1.0 mm, respectively, which were higher than the target values of PS. On the other hand, the micro-hardness distributions of PKLR with a density 7.3 Mg/m 3 were clearly lower than that of PS owing to the larger pore size. Incidentally, the surface rolling had a small effect on the micro-hardness distribution. Fig. 6(a) compares the S-N curves of the FL520X pinions in the gear running tests and Fig. 6(b) compares those of the 46F4H pinions. The S-N curve of the SCM415 pinion PS is also plotted with the black line for comparison. The left ordinate shows the Hertz stress H , and the right ordinate shows the tooth root bending stress at the critical section t . Those values were calculated using Young's modulus and Poisson's ratio for the wrought steel (206 GPa and 0.3, respectively). The representative damages for all P/M pinions were pitting near the pitch point. The surface densification by finish gear rolling could substantially enhance the surface fatigue strength of these pinions, and that effect was more remarkable for P/M pinions with lower density. Specifically, from Fig. 6(a) , the surface durability of as-sintered PHM with a density 7.40 Mg/m 3 was approximately 8% less than that of as-sintered PHH with a density 7.55 Mg/m 3 , and both surface fatigue strengths after 1.5 × 10 7 cycles did not attain the target value of 2.0 GPa. However, the surface durability of rolled PHMR increased by about 10 % and that of rolled PHHR increased by about 5% by surface rolling, and those fatigue strengths after 1.5 × 10 7 cycles reached 2.1 GPa, which completely matches that of PS. As seen in Fig. 6(b) , the surface durability of rolled PKLR with a density 7.3 Mg/m 3 was far superior to that of as-sintered PKL. On the other hand, the surface durability of rolled PKHR with a density of 7.5 Mg/m 3 slightly increased as compared that of as-sintered PKH. However, the load bearing capacities of both PKH and PKHR were higher than those of PS in terms of load cycle number and surface fatigue strength. Fig . 7 shows sample failures on the tooth flank after the gear running tests. Pitting failures are observed near the pitch point of all test pinions, and the failure mode of rolled PHHR is similar to the case with the wrought steel PS. The comparison of residual stress distributions in the tooth flank layer between as-sintered PKH and rolled PKHR is shown in Fig. 8 . The residual compression stress of PKHR rapidly increased near the surface and reached 800 MPa, which is equivalent to the shot-peening level. This may provide a good explanation for the durability improvement and the failure mode change.
Gear running tests
Conclusion
The porosity on the tooth flank layer of the surface-rolled pinions with a density more than 7.40 Mg/m 3 decreased to less than 2% from the surface down to a depth of approximately 0.5 mm when the amount of stock rolled normal to the tooth flank was set to 0.15 mm. The representative damages in gear running tests for every P/M gear were pitting near the pitch point. The load bearing capacity of every P/M gear tended to increase by surface rolling, and the effect was more remarkable for P/M gears with lower density. The surface fatigue strengths of the surface-rolled FL520X pinions with a density more than 7.4 Mg/m 3 and the as-sintered and surface-rolled 46F4H pinions with a density of 7.5 Mg/m 3 were comparable to or higher than that of case-carburized pinions made of typical Cr Mo wrought steel.
